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Regulation of CSF1 Promoter
by the SWI/SNF-like BAF Complex
DNA template (Liu and Wang, 1987). Z-DNA structures
have been detected in the promoter region of actively
transcribed genes in mammalian cells (reviewed by Her-
Rui Liu,1,5 Hong Liu,1,5 Xin Chen,2 Martha Kirby,3
Patrick O. Brown,2 and Keji Zhao1,4
1 Laboratory of Molecular Immunology
National Heart, Lung, and Blood Institute bert and Rich, 1999). It is estimated that the mammalian
genome contains approximately 100,000 copies of po-National Institutes of Health
Bethesda, Maryland 20892 tential Z-DNA forming units (Hamada and Kakunaga,
1982). Despite extensive investigations over the past2 Howard Hughes Medical Institute
School of Medicine two decades, the biological function of the Z-DNA struc-
ture has not been well established.Stanford University
Stanford, California 94305 The yeast SWI/SNF complexes regulate hundreds of
genes involved in a wide variety of cellular functions3 Hematology Branch
National Heart, Lung, and Blood Institute (Holstege et al., 1998; Sudarsanam et al., 2000) through
strictly controlled targeting mechanisms (Cosma et al.,National Institutes of Health
Bethesda, Maryland 20892 1999; Krebs et al., 1999; for a review, see Peterson and
Workman, 2000). The function of the higher eukaryotic
SWI/SNF complexes is not well established due to the
limitation of target genes identified so far. However,Summary
there is a growing body of evidence suggesting a role
for the SWI/SNF complex in cell differentiation, prolifera-The mammalian BAF complex regulates gene expres-
sion by modifying chromatin structure. In this report, tion, and many pathologic processes (Versteege et al.,
1998; Sawa et al., 2000; de La Serna et al., 2001).we identify 80 genes activated and 2 genes repressed
by the BAF complex in SW-13 cells. We find that prior The SWI/SNF-related mammalian BAF complex (Kha-
vari et al., 1993; Wang et al., 1996) or hSWI/SNF complexbinding of NFI/CTF to the NFI/CTF binding site in CSF1
promoter is required for the recruitment of the BAF (Imbalzano et al., 1994) is inactive in SW-13 cells derived
from pheochromocytoma because of the absence of thecomplex and the BAF-dependent activation of the pro-
moter. Furthermore, the activation of the CSF1 pro- essential BRG1 subunit. Transient expression of BRG1
reconstitutes the complete active BAF complex in thesemoter requires Z-DNA-forming sequences that are
converted to Z-DNA structure upon activation by the cells and leads to cell differentiation (Dunaief et al., 1994;
Zhao et al., 1998). In order to elucidate the mechanismsBAF complex. The BAF complex facilitates Z-DNA for-
mation in a nucleosomal template in vitro. We propose by which the BAF complex reverts the cancer phenotype
of the SW-13 cells and by which the BAF complex regu-a model in which the BAF complex promotes Z-DNA
formation which, in turn, stabilizes the open chromatin lates its target genes, we decided to analyze the ge-
nome-wide gene expression profile change after ex-structure at the CSF1 promoter.
pression of BRG1 in the cells by using DNA microarrays.
Our results indicate that 80 genes are activated moreIntroduction
than 3-fold and 2 genes are repressed more than 3-fold
by the BAF complex among 22,000 genes screened. RT-The eukaryotic genome is organized into independent
functional domains consisting of nucleosomes as the PCR analysis of some selected transcripts confirmed
the DNA microarray results. Further analysis of one tar-basic construction units. Nucleosomal structure is regu-
lated by the temporal and spatial status of the cell by get gene, the human colony-stimulating factor 1 (CSF1)
gene, revealed that the NFI/CTF family of transcriptiona variety of ATP-dependent chromatin-remodeling com-
plexes (Kingston et al., 1996; Kadonaga, 1998; Muchardt factors participates in the promoter activation by the
BAF complex. Furthermore, Z-DNA structure is also in-and Yaniv, 1999; Fry and Peterson, 2001).
Besides different nucleosomal structures, DNA itself volved in the activation process, suggesting that one
possible function of the widespread Z-DNA structure incan take different conformations other than the right-
handed B-DNA double helix. One of the most dramatic the genome is to participate in gene activation events
in collaboration with the BAF complex.structural transitions is made when B-DNA is converted
to a left-handed Z-DNA double helix (Wang et al., 1979;
Rich et al., 1984). The energetically unfavorable Z-DNA Results
conformation is stabilized by negative supercoiling that
induces torsional strain in plasmid DNA in bacteria. In Identification of the BAF Complex Target Genes
eukaryotes, the DNA is not torsionally strained even by the DNA Microarray Assay
though it is supercoiled because the negative superheli- The strategy we used to identify the target genes for
cal turns are absorbed in DNA wrapping around nucleo- the BAF complex is outlined in Figure 1A. Since our
somes. However, negative supercoiling can be gener- trials to make stable and inducible BRG1-expressing
ated behind a moving RNA polymerase transcribing a cell lines failed, we separated the BRG1-expressing cells
from nonexpressing cells by FACS following transient
transfection (Figure 1B and data not shown). mRNAs4 Correspondence: zhaok@nhlbi.nih.gov
5 These authors contributed equally to this work. isolated from the cells were labeled and analyzed on
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Figure 1. Search for BAF Complex Target
Genes by DNA Microarray Assay
(A) Strategy for detecting genes regulated by
the BAF complex in SW-13 cells by the DNA
microarray assay.
(B) Western blot analysis of sorted SW-13
cells: An equal number (2  104) GFP-nega-
tive cells and GFP-positive cells were lysed
in SDS buffer, resolved by SDS-PAGE, and
blotted and detected with anti-BRG1 an-
tibody.
(C) RT-PCR analysis of up-regulated genes
detected by the DNA microarray assay. Total
RNA isolated from SW-13 cells transfected
with BRG1 was reverse-transcribed and ana-
lyzed by PCR with primers for genes indi-
cated on the right side of the bands. For the
24 hr time point, total RNA was isolated from
sorted cells as described in (A). For the 6 hr
and 12 hr time points, total RNA was isolated
from nonsorted SW-13 cells transfected with
BRG1 or transfected with pBJ5 vector as the
control. -actin was used as negative control.
the DNA microarray containing 22,000 cDNAs and ESTs, activity in the presence of BRG1 (Figure 2A). We rea-
soned that the activation of CSF1 promoter by the BAFas reported previously (Iyer et al., 1999). For the DNA
microarray analysis, only genes induced or repressed complex may require chromatin formation based on the
presumption that the BAF complex activates genes bymore than 3-fold in at least two out of three independent
experiments were counted. Transient expression of remodeling their chromatin structure. It is well known
that transiently transfected DNA does not form properBRG1 for 24 hr activated 80 unique genes and repressed
two genes (see Supplemental Data available online at chromatin structure. Therefore, we cloned CSF1 pro-
moter and the luciferase cDNA into pREP4 episomalhttp://www.cell.com/cgi/content/full/106/3/309/DC1).
Among the 80 up-regulated genes, 41 are known genes vector that contains Epstein-Barr virus replication origin
and encodes nuclear antigen EBNA-1. Cotransfectionand the rest are ESTs. RT-PCR analysis of some strongly
activated genes confirmed the DNA microarray results experiments showed that the BAF complex activated
CSF1 promoter about 5-fold (Figure 2A), suggesting that(Figure 1C). To determine the kinetics of the gene activa-
tion by the BAF complex, we analyzed the most acti- the activation of CSF1 promoter by the BAF complex
requires formation of chromatin.vated genes with RT-PCR after 6 hr and 12 hr of BRG1
transfection (Figure 1C). All of the tested genes were
activated after 12 hr to the similar level of 24 hr. Signifi- NFI/CTF Participates in the Activation of CSF1
cant activation of CSF1 and CRYAB was observed in Promoter by the BAF Complex
as little as 6 hr after BRG1 transfection. FACS analysis In order to identify the DNA elements that mediate the
showed that the distribution of the cell cycle position BAF complex activity, we performed a systematic 5
was identical between transfected and nontransfected deletion analysis of CSF1 promoter. A promoter con-
cells after 24 hr of Brg1 transfection (data not shown), struct containing sequences up to 2600 showed simi-
indicating that the expression level change in these lar basal activity and inducibility with the350 sequence
genes did not result from the cell cycle position shift (data not shown). Deletion to 150 and 130 reduced
following Brg1 transfection. its basal level activity, while the activation by the BAF
complex remained similar (about 4.7-fold), as shown in
Figure 2B. The reduction of basal activity is presumablyActivation of CSF1 Promoter by the BAF Complex
Is Chromatin Dependent caused by deletion of several Sp1 sites that exist be-
tween350 and150. However, further deletion to85The finding that CSF1 gene was significantly activated
within 6 hr of transfection of BRG1 in SW-13 cells (Figure reduced the activation by BAF complex to about 2.2-
fold, while the basal level activity remained the same.1C) suggests that the BAF complex might directly regu-
late the expression of CSF1 gene. CSF1 is implicated Deletion of another 25 base pairs completely eliminated
the activation by the BAF complex (Figure 2B). There-in the regulation of the proliferation, differentiation, and
survival of macrophages (Stanley et al., 1983). More fore, the BAF complex–responsive elements in CSF1
promoter are located between the130 and60 regions.recent data suggest that it may be involved in tumor
progression and metastasis (Lin et al., 2001). To address Careful examination of CSF1 promoter sequence re-
vealed a well-conserved binding site for nuclear factorthe mechanism of CSF1 gene activation by the BAF
complex, we cloned human CSF1 promoter, which in- I/CCAAT-box binding factors (NFI/CTF) downstream of
the TG repeats between 73 and 60 (Figure 2C) (decludes 570 base pairs of DNA sequences upstream of
its transcription start site, into pGL3 reporter vector and Vries et al., 1987). Deletion of this site resulted in loss
of activation by the BAF complex (Figure 2B, 60), sug-tested its activity in the presence or absence of BRG1.
Surprisingly, we did not observe an increase in luciferase gesting a role of the site in the CSF1 promoter activation
NFI and Z-DNA in Gene Activation by BAF Complex
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Figure 2. Activation of CSF1 Promoter by the
BAF Complex Is Dependent on Chromatin
Formation
(A) Activation of human CSF1 promoter by the
BAF complex requires chromatin structure.
CSF1 promoter was cloned into the pGL3 re-
porter vector (lanes 1 and 2) and pREP4-luc
reporter vector (lanes 3 and 4). The constructs
were cotransfected with either pBJ5 or BRG1
into SW-13 cells. The luciferase activity was
analyzed after 24 to 72 hr with the dual lucifer-
ase system from Promega. The error bars
represent the range of two experiments.
(B) Systematic deletion analysis of CSF1 pro-
moter. The pREP4-CSF1-luc constructs were
transfected into SW-13 cells and the lucifer-
ase activity analyzed as described in (A). The
numbers below the graph represent the num-
ber of base pairs in the CSF1 promoter from
the transcription start site. The number above
the bars represents the fold of stimulation by
BRG1 compared to pBJ5 vector.
(C) Human CSF1 promoter sequence. The TG
repeats are labeled in bold. The numbers be-
low and above the sequence are relative posi-
tions from the transcription start site as 1.
The NFI/CTF binding sites and potential TATA
boxes are indicated.
by the BAF complex. A probe encompassing the NFI/ To determine if the NFI binding site is functionally
involved in the activation of CSF1 promoter by the BAFCTF site was shifted by SW-13 cell nuclear extracts in
gel mobility shift assay (EMSA), which was supershifted complex, we tested the CSF1 promoter with the same
mutations shown in Figure 3A in the transfection experi-by an antibody against human CTF (Figure 3B, lanes 2
and 3). 100-fold excess of consensus NFI site and wild- ment. Interestingly, the mutations inhibited the activa-
tion of the promoter by the BAF complex in SW-13 cellstype NFI site from CSF1 promoter efficiently competed
NFI binding to the wild-type NFI probe (Figure 3C, lanes (Figure 3D). We therefore conclude that NFI/CTF binding
site is required for the activation of CSF1 promoter by2, 3, and 4), while the mutations shown in Figure 3A
significantly reduced its ability for the competition (lanes the BAF complex.
5 and 6). Mutation of both of the half binding sites com-
pletely abolished its ability to compete with the wild- NFI/CTF and BAF Complex Bind to the CSF1
Promoter In Vivotype probe (data not shown). Furthermore, the mutant
probes had much lower affinity for NFI compared to In order to determine if NFI/CTF and the BAF complex
bind to CSF1 promoter in vivo, we performed chromatinwild-type probe as detected by EMSA (data not shown).
Figure 3. NFI Binding Site Contributes to
the CSF1 Promoter Activation by the BAF
Complex
(A) WT is the wild-type oligonucleotide from
CSF1 promoter used for EMSA. Mutated
bases are indicated in M1 and M2. NFI bind-
ing sites are underlined in the wild-type se-
quence.
(B) EMSA was performed with the WT probe
labeled with 32P and 1 g of SW-13 nuclear
extract. Anti-NFI/CTF or preimmune serum
(0.4 l) was used for supershift as described
(Gao et al., 1996). The NFI shift and supershift
are indicated.
(C) The NFI shift of the WT probe was com-
peted with 100-fold excess of an unlabeled
consensus NFI binding site (sc), WT, M1, or
M2 in EMSA.
(D) CSF1 promoter in pREP4-CSF1-luc was
mutated as M1 and M2 and analyzed by the
luciferase assay as described in Figure 2A.
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a control sequence (5436 to5234) in the immunopre-
cipitated chromatin were analyzed by multiplex PCR
reactions. As shown in Figure 4A, the promoter se-
quence was significantly enriched in the immunoprecipi-
tates with anti-BRG1 and anti-NFI/CTF antibodies, com-
pared to the preimmune serum and the control fragment
(lanes 3, 4, and 5). These results indicate that the BAF
complex and NFI/CTF directly associate with CSF1 pro-
moter in living cells. Interestingly, NFI/CTF and the BAF
complex are constitutively associated with the promoter
(data not shown), suggesting that the chromatin struc-
ture at the promoter is prepared for rapid activation
by TNF.
NFI/CTF Binding Site Is Required for BAF Complex
Binding to CSF1 Promoter
In order to determine if NFI binding to its target sites
requires the activity of BAF complex, we performed ChIP
assays with SW-13 cells that do not have an active
BAF complex. Interestingly, NFI antibody specifically
enriched CSF1 promoter sequence in the immunopre-
cipitates (Figure 4B, compare lanes 4, 5, and 6), indicat-
ing that NFI is bound to CSF1 promoter in the absence
of BAF complex.
We hypothesized that the NFI binding could be impor-
tant for the association of BAF complex with CSF1 pro-
moter. To test this idea, we transfected either wild-type
or NFI site-mutated CSF1 promoter constructs in pREP4
vector into MG63 cells that have both NFI and the BAF
complex and can be transfected with higher efficiency
than WI-38 cells. As shown by ChIP assay in Figure 4C,
both NFI and BAF complex were bound to the wild-type
CSF1 promoter construct (Figure 4C, lanes 4, 5, and 6),
Figure 4. CSF1 Promoter Is Bound by NFI and BAF Complex In Vivo but no binding to the construct with NFI site mutation
(A) Chromatin was prepared by sonication from WI-38 cells treated was detected (Figure 4D, lanes 4, 5, and 6). These results
with TNF for 24 hr prior to formaldehyde cross-linking. DNA purified suggest that NFI/CTF binding is required for targeting
from immunoprecipitates with antibodies against BRG1, NFI, or pre-
the BAF complex to the CSF1 promoter.immune serum was analyzed with primers covering the CSF1 pro-
moter (361 to 12) and upstream sequence (5436 to 5234,
control) in multiplex PCR reaction. The chromatin input was diluted The TG Repeats in CSF1 Promoter Are Required
5 times at each step. The products were analyzed by agarose gel
for Activation by the BAF Complexelectrophoresis and the ethidium bromide staining images were
CSF1 promoter contains long stretches of TG repeatsinverted.
from 125 to 76 (see Figure 2C), which are highly(B) NFI/CTF is bound to CSF1 promoter in the absence of BAF
complex. Soluble chromatin fractions were prepared from SW-13 conserved between human and mouse. Deletion to85,
cells crossed-linked with formaldehyde. ChIP assay and PCR were which removed 80% of the TG repeats, caused the first
performed as described in (A). significant reduction in response to the activation by
(C) BAF complex and NFI/CTF are bound to wild-type CSF1 pro-
the BAF complex (Figure 2B), indicating that the TGmoter in pREP4 reporter construct. MG63 cells transfected with
repeats are required for maximal activation of CSF1 pro-pREP4-CSF1-luc and pREP7-RL constructs for 48 hr were cross-
moter by the BAF complex.linked with formaldehyde. Soluble chromatin was prepared and ChIP
assay performed as described in (A). The CSF1 promoter sequence
in the pREP4 construct in the immunoprecipitates were detected
The TG Repeats Are Not Required for NFI/CTFby PCR using a forward primer from CSF1 promoter and a reverse
or BAF Complex Bindingprimer from luciferase DNA. The control sequence in the immuno-
precipitates was detected by PCR using a pair of primers recogniz- The decrease in the BAF-dependent activation of CSF1
ing the RSV promoter in pREP7-RL construct. promoter caused by deletion of the TG repeats (Figure
(D) BAF complex and NFI/CTF are not bound to the CSF1 promoter 2B, 85) might be due to the requirement of the TG
when the NFI/CTF site is mutated. Same as (C), except that the NFI/ repeats for NFI/CTF or BAF binding to the promoter. ToCTF binding site in CSF1 promoter was mutated in the pREP4-
test this hypothesis, we performed ChIP assay of theCSF1-luc construct.
85 deletion construct in MG63 cells. As shown in Fig-
ure 5A, both anti-NFI/CTF and anti-BRG1 antibodies
specifically enriched the CSF1 promoter sequence inimmunoprecipitation assays (ChIP), using a cell line, WI-
38, that is derived from human normal embryonic lung the immunoprecipitates, indicating that NFI and the BAF
complex can bind to the CSF1 promoter in the absencetissue and can be induced to produce CSF1 protein by
TNF. The CSF1 promoter sequence (361 to 12) and of the TG repeats.
NFI and Z-DNA in Gene Activation by BAF Complex
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Figure 5. Z-DNA Structure Is Involved in the Activation of CSF1 Promoter by the BAF Complex
(A) NFI and BAF complex can bind to the TG-deleted CSF1 promoter in vivo. The 85 CSF1 promoter construct and pREP7-RL control
construct were transfected into MG63 cells and analyzed by ChIP assay as described in Figure 4C.
(B) GC repeats can substitute TG repeats for activation of CSF1 promoter by BAF complex. The TG repeats in CSF1 promoter in pREP4-
CSF1-luc (Wild-type) were replaced by 18 GC repeats (18GC) or a sequence from BAF47 gene (NoTG). The resulting constructs were analyzed
by transfection as described in Figure 2A.
(C) The TG repeats in CSF1 promoter form Z-DNA structure in supercoiled pREP4-CSF1-luc construct. Supercoiled and linearized pREP4-
CSF1-luc plasmid was treated with DEPC, followed by piperidine treatment. The cleaved sites were detected by primer extension. Wild-type:
wild-type CSF1 promoter; 18GC: the TG repeats were replaced with 18 GC repeats; NoTG: the TG repeats were replaced with a sequence
from BAF47 gene. S: supercoiled; L: linear. The region corresponding to the TG repeats was indicated by “Z DNA.” Asterisk (*) on the left
indicates nonspecific band generated by the primer extension reaction.
(D) In vivo Z-DNA structure detection. The wild-type CSF1 promoter or NoTG construct was cotransfected with pBJ5 or pBJ5-BRG1 into SW-
13 cells for 24 to 48 hr. Z-DNA structure was detected by digestion with ZaaFOK of SW-13 cells cross-linked with 1% HCHO and permeabilized
with 0.5% Triton X-100. The cleaved sites in the CSF1 promoter in the reporter constructs were detected by LM-PCR using specific primers
from the luciferase cDNA in the constructs. The region corresponding to the TG repeats was indicated on the left. Arrowheads indicate the
induced cleavage sites by BRG1.
(E) ELISA analysis of CSF1 production in SW-13 cells and MG63 cells. An equal number of SW-13 or MG63 cells were plated in DMEM 
FCS media and incubated for 24 hr at 37C. Secreted CSF1 protein in the media was detected by ELISA.
(F) Detection of Z-DNA structure in the endogenous CSF1 promoter in SW-13 cells and MG 63 cells. MG63 cells and SW-13 cells were cross-
linked with formaldehyde and digested with ZaaFOK. The cleavage sites in the endogenous CSF1 promoter were detected by LM-PCR using
primers downstream of its transcription initiation site. The region corresponding to the TG repeats was indicated on the right.
Other Z-DNA-Forming Sequences Can Substitute with multiple GC or TG repeats (reviewed by Herbert and
for the TG Repeats Rich, 1999). To determine if the negative supercoiling
Long stretches of TG repeats are known to have a high induces Z-DNA formation in the wild-type CSF1 pro-
potential to form Z DNA. (Wittig et al., 1992; reviewed moter and 18GC constructs but not in NoTG construct,
by Herbert and Rich, 1999). In order to determine if it is we treated the supercoiled and linear constructs with
the TG repeats sequence or its potential to form Z DNA DEPC which attacks the exposed DNA backbone in the
that enables CSF1 promoter to be activated by the BAF Z-DNA conformation. As shown in Figure 5C, primer
complex, we replaced the TG repeats with another Z extension of DEPC-treated supercoiled 18GC construct
DNA-forming sequence, 18 GC repeats, or a random produced a strong band of about 160 to 180 base pairs
sequence from BAF47 gene. As shown in Figure 5B, the corresponding to the position of the 18 GC repeats,
18GC construct showed similar activity with the wild- suggesting a Z-DNA conformation of the 18 GC repeat
type CSF1 promoter in the presence of the BAF complex, DNA sequence. Linearization of the plasmid eliminated
while the activity of the construct with the random se-
the Z-DNA conformation (compare lanes 3 and 4). The
quence in place of the TG repeats (labeled as NoTG)
wild-type CSF1 promoter construct gave a weakerwas significantly reduced. These experiments indicate
Z-DNA signal than the 18GC construct (compare lanesthat it is the Z-DNA forming potential but not the particu-
1 and 2), while Z-DNA formation was eliminated in thelar TG repeats sequence that is required for the maximal
TG-deletion construct (lanes 5 and 6).activation of CSF1 promoter by BAF complex.
These results show that the TG repeats and the GC
repeats, both of which are capable of mediating activa-The TG Repeats in CSF1 Promoter Form Z DNA
tion of the CSF1 promoter by BAF complex, are alsoin Supercoiled Plasmids
capable of forming Z-DNA structure in supercoiled plas-Z-DNA structure can be stabilized by negative supercoil-
ing in closed circular plasmid, most readily in sequences mid DNA.
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Figure 6. BAF Complex Collaborates with
Z-DNA Binding Protein to Induce Z-DNA For-
mation from Nucleosomal Template
(A) Different templates used in the in vitro
chromatin remodeling and Z-DNA formation
assay.
(B) CSF1 promoter (150 bp) DNA (lanes 1, 2,
and 3) or nucleosome (lanes 4, 5, and 6) was
incubated with ZaaFOK in the absence or
presence of Zaa. The resulting products were
purified, resolved by PAGE and exposed to
X-ray film.
(C) The longer CSF1 promoter sequence (260
bp) assembled into nucleosomes by octamer
transfer was incubated with Zaa, ZaaFOK,
and BAF complex as indicated above the
data. The resulting products were purified,
resolved by PAGE, and exposed to X-ray film.
(D) The assembled nucleosomes (unlabeled)
were treated as in Figure 6C. The cleavage
products were detected by primer extension
with a 32P-labeled primer from the opposite
end of the TG repeats in the template.
BAF Complex Enhanced Z-DNA Formation ing, ZaaFOK can generate double-stranded cleavages
within the TG repeats or about 10 base pairs away fromof the TG Repeats in CSF1 Promoter In Vivo
The observation that activation of CSF1 promoter by the the TG repeats. As shown in Figure 5F, ZaaFOK gener-
ated three enhanced cleavages surrounding the TG re-BAF complex is correlated with the potential of Z-DNA
formation but not a specific DNA sequence suggests peats in MG63 cells, indicating increased Z-DNA struc-
ture in the promoter.that the TG repeats in CSF1 promoter may be induced
to form Z-DNA structure upon activation by the BAF We conclude from these observations that the activa-
tion of CSF1 promoter by the BAF complex induces thecomplex in vivo. Detection of Z-DNA conformation in
higher eukaryotes has been a technical challenge, even formation of Z-DNA structure in vivo.
though there are a few reports on Z-DNA formation in
vivo (for a review, see Herbert and Rich, 1999). A fusion BAF Complex and Z-DNA Binding Protein
Cooperate to Induce Z-DNA Formationprotein, ZaaFOK, between the Z-DNA binding domain
derived from ADAR1 RNA-editing enzyme and the in Nucleosomal Template In Vitro
In vitro reconstitution experiments indicate that Z-DNAnuclease domain of the restriction enzyme FOK I has
been shown to recognize and cleave Z-DNA structure cannot be incorporated into nucleosomal structures
(Garner and Felsenfeld, 1987). To determine if the TGin vitro (Kim et al., 1999). ZaaFOK readily cleaved su-
percoiled wild-type CSF1 promoter and 18GC con- repeats in a nucleosome could be converted to Z-DNA,
we assembled 150 bp of CSF1 promoter sequence con-structs but not the linear constructs (data not shown).
We decided to probe Z-DNA structure by combining in taining the TG repeats into a nucleosome by octamer
transfer. The Z-DNA binding protein Zaa derived fromvivo crosslinking and ZaaFOK digestion. SW-13 cells
cotransfected with reporter constructs and BRG1 or ADAR1 is capable of inducing Z-DNA formation in a
linear DNA template (Kim et al., 2000), which can bepBJ5 control vector for 24 to 48 hr were crosslinked,
permeabilized, then treated with ZaaFOK produced in probed with the ZaaFOK fusion protein. As shown in
Figure 6B, ZaaFOK alone was not able to cleave thebacteria. ZaaFOK binds to the Z-DNA structure and
makes double-stranded cleavage. The cleavage sites CSF1 DNA template (lane 2). The presence of Zaa stabi-
lized the Z-DNA conformer of the TG repeats that waswere detected by linker ligation-mediated PCR (Mueller
and Wold, 1989). As shown in Figure 5D, cotransfection then cleaved by ZaaFOK (lane 3), as measured by the
disappearance of the probe caused by ZaaFOK cleav-with BRG1 induced two strong bands near the TG re-
peats in the wild-type CSF1 promoter (compare lanes ages at multiple sites around the TG repeats near the
end of the probe (data not shown). Interestingly, packag-1 and 2), while no specific bands induced in the NoTG
construct (lanes 3 and 4). These results indicate that ing the TG repeats DNA into the nucleosome (as illus-
trated by the cartoon template 3, Figure 6A) inhibitedthe BAF complex induced Z-DNA formation in CSF1
promoter in the transfected reporter construct. the Zaa-induced B- to Z-DNA conversion of the CSF1
promoter (Figure 6B, lane 6).In order to determine if the formation of Z-DNA struc-
ture in the endogenous CSF1 promoter depends on the The mammalian BAF complex is capable of catalyzing
redistribution of nucleosomes along DNA (Whitehouseactivation status of the gene, we determined the ZaaFOK
digestion pattern of CSF1 promoter by LM-PCR in MG63 et al., 1999) that might clear the TG repeats sequence
of nucleosomal structure transiently if there is enoughcells that express high levels of CSF1 protein and SW-
13 cells that do not express detectable levels of CSF1 room for the nucleosome to move around. The presence
of Z-DNA binding protein could then capture the tran-protein (Figure 5E). Dependent on the exact site of bind-
NFI and Z-DNA in Gene Activation by BAF Complex
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siently exposed TG repeats by inducing Z-DNA forma-
tion. To test this idea, we assembled 260 bp of CSF1
promoter sequence into nucleosomes. To minimize di-
nucleosome formation, we used a lower donor oligo-
nucleosome/DNA ratio, which favors mononucleosome
formation (data not shown), presumably randomly
placed on the CSF1 promoter sequence such as tem-
plates 2 and 3 in Figure 6A. As shown in Figure 6C, Zaa
induced degradation of the templates that presumably
consisted of either free DNA or nucleosomal DNA with
exposed TG repeats such as templates 1 and 2 in Figure
6A (Figure 6C, lanes 2 and 3). Surprisingly, treatment
with BAF complex also induced the template degrada-
tion (compare lanes 2 and 4). This observation is consis-
tent with the recently reported activity for the BAF com-
plex that it induces superhelical torsion in DNA or
chromatin template (Havas et al., 2000; Gavin et al.,
2001) that, in turn, could stabilize a Z-DNA-like structure.
Interestingly, the presence of both Zaa protein and BAF
complex was more efficient at inducing the template
degradation, therefore, Z-DNA formation (Figure 6C,
lane 5). To confirm that the cleavages induced by Zaa-
FOK are occurring at the TG repeats, we labeled the
reaction products by primer extension from the opposite
end of the TG repeats, which generated a major band
of about 200 bp, consistent with the cleavage within the
TG repeats (Figure 6D).
From these results, we conclude that nucleosomal
structure inhibits B- to Z-DNA conversion and that BAF
complex facilitates Z-DNA formation in a nucleosomal
template.
Discussion
Using the DNA microarray, we identified 80 genes which
were induced more than 3-fold and 2 genes which were
Figure 7. NFI and Z-DNA-Facilitated Chromatin Remodeling by therepressed more than 3-fold by BRG1 expression in SW-
BAF Complex at CSF1 Promoter.13 cells. Promoter characterization of CSF1 gene re-
See text for details.vealed that both the NFI binding site and the Z-DNA-
forming units are required for its activation by the BAF
complex. Nucleosome reconstitution experiments sug-
mone-response elements in the promoter (Di Croce etgest that chromatin remodeling by the BAF complex
al., 1999).facilitates the formation of Z-DNA structure in CSF1 pro-
CSF1 promoter is inactive in SW-13 cells that havemoter, providing the first evidence for the function of
only a partial BAF complex lacking the essential BRG1Z-DNA structure in gene activation.
subunit. Our data that BRG1 is required for the activation
of CSF1 promoter argues that the activity of the BAFNFI/CTF Participates in BAF Complex-Mediated
complex in the activation of CSF1 promoter cannot beGene Activation
substituted with that of the ISWI-related chromatin re-The nuclear factor I family contains site-specific DNA
modeling complexes which exist in the cells (Zhao etbinding proteins which have been implicated for viral
al., 1998). Mutation analysis of CSF1 promoter showedDNA replication and transcription regulation of a variety
that NFI site is essential for the BAF complex-mediatedof genes. It is particularly interesting that NFI site is
activation of the promoter (Figure 3) and NFI protein isessential for glucocorticoid receptor-mediated activa-
bound to the promoter in vivo (Figure 4). Interestingly,tion of MMTV promoter that is regulated by the ATP-
NFI binding to CSF1 promoter does not require the activ-dependent chromatin remodeling activities (Fryer and
ity of BAF complex. Instead, the association of the BAFArcher, 1998). SWI/SNF complex enhances NFI binding
complex with the promoter requires intact NFI/CTF bind-to a nucleosomal template of MMTV promoter in vitro
ing sites (Figure 4), suggesting that prebound NFI could(Ostlund Farrants et al., 1997). However, studies with
target the BAF complex to the promoter by direct inter-purified minichromosomes containing MMTV promoter
action or through a mediator protein. The decrease inindicate that it is the ISWI-related NURF complex but
the basal level activity of the promoter caused by NFInot BRM-related SWI/SNF complex that remodels the
site mutation in the absence of the BAF complex (Figurechromatin structure to allow NFI binding, that, in turn,
can enhance progesterone receptor binding to the hor- 3D) could be attributed to the requirement of NFI for
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maintaining a special chromatin structure or directly tar- nucleosomal structure (Imbalzano et al., 1996; Lorch et
al., 1998; Schnitzler et al., 1998). Furthermore, the BAFgeting the transcription machinery.
complex itself is capable of inducing superhelical torsion
in DNA or chromatin template (Havas et al., 2000; GavinZ-DNA Formation and Its Possible Functions
et al., 2001). The transient negative supercoiling or su-Z-DNA is a left-handed double helix with 12 residues
perhelical torsion generated by the BAF complex pro-within each turn (Wang et al., 1979). Although the two
vides the energy for inducing transient formation of astrands are joined together by Watson-Crick base-pair-
Z-DNA-like structure in the TG repeat sequence, whiching, it has higher free energy than B-DNA. Z-DNA struc-
further opens the chromatin structure that allows otherture can be stabilized in vitro by chemical modification
transcription factor binding and transcription machineryof deoxycytosine with a 5-methyl group. Negative su-
assembly on the promoter, as well as initiation of tran-percoiling in plasmid DNA provides another mechanism
scription. Transcription from the promoter causes ex-of stabilizing the Z-DNA structure with the readiness
tensive negative supercoiling behind the polymerase atd(CG)n 	 d(TG)n 	 d(GGGC)n 	 d(TA)n (for a review,
the promoter region that further stabilizes the Z-DNAsee Herbert and Rich, 1999). Z-DNA structure exists in
structure and, therefore, the open chromatin structurevivo in the promoter region of actively transcribed genes
at the promoter. The ATP-utilizing chromatin remodelingin bacteria, induced by unrestrained negative supercoil-
complexes are capable of catalyzing redistribution ofing produced by RNA polymerase ploughing along the
nucleosomes along DNA (Whitehouse et al., 1999).DNA template (Liu and Wang, 1987; Rahmouni and
Therefore, another possible mechanism is that the BAFWells, 1989). Z-DNA structure also exists in higher eu-
complex may transiently clear the TG repeats of thekaryotic systems (Wittig et al., 1992).
nucleosomal structure by the sliding mechanism, andEven though the eukaryotic genome has tens of thou-
the exposed TG repeats may be induced to form Z-DNAsands of potential Z-DNA forming units, no function has
by a Z-DNA binding protein.been identified yet for Z-DNA structure, partially be-
cause no phenotype has been attributed to the presence
Experimental Proceduresor absence of Z-DNA-forming sequences. It has been
suggested that Z-DNA could play a role in RNA-editing
Constructsin light of the recent discovery that one type of double-
pREP4-luc was derived from pREP4-CAT (Invitrogen) by replacing
stranded RNA adenosine deaminase (Kim et al., 1994) the RSK promoter and CAT reporter gene with a promoterless lucif-
binds Z-DNA in vitro with high affinity (Herbert et al., erase reporter gene from pGL3.basic vector (Promega). pREP7-RL
1995). However, this cannot be the only possible func- was constructed by subcloning the renilla luciferase cDNA from
pRL-CMV (Promega) into the NheI-XbaI/blunt site of pREP7 vectortion for the abundant Z-DNA-forming sequences be-
(Invitrogen). The human CSF1 promoter plasmids were constructedcause only a limited number of RNA species are modified
by inserting PCR-amplified DNA into pGL3.basic vector or pREP4-by deamination of adenosine (Maas and Rich, 2000), and
luc. To replace the 23 TG repeats in CSF1 promoter in pREP4-CSF1-
more importantly, Z-DNA structure has been detected in luc with the 18 GC repeats or the sequence from human SNF5 gene,
genes (c-Myc, CRH, and actin) that are not modified by the respective oligonucleotide was inserted into the BamHI and XhoI
RNA-editing. It is interesting to note that Z-DNA forming site of pBS-CSF1 derived by cloning the 570 to 127 sequence
of CSF1 promoter into the BamHI and SacI site of pBluescript. Fromsequences are concentrated in the regulatory regions
the resulting constructs, the NheI-XhoI fragment was excised andof genes (Schroth et al., 1992). While it has long been
cloned into the NheI-XhoI site of pREP4-TA-luc, which was con-hypothesized that Z-DNA structure might have a role in
structed by inserting the CSF1 basal promoter sequence (74 to
transcription regulation (Nordheim and Rich, 1983), 14) into the XhoI-HindIII of pREP4-luc reporter vector. pBJ5-BRG1
there has been no evidence to support this idea. We was reported previously (Khavari et al., 1993). pEGFP-N1 was from
provided the first evidence that Z-DNA-forming se- Clontech. Zaa and Zaa-FOK bacterial expression vectors were con-
structed and expressed as described (Kim et al., 1999). Point muta-quences are required for chromatin-dependent activa-
tions were done with Quickchange kit (Stratagene) following manu-tion of CSF1 promoter. Activation by the BAF complex
facturer’s instructions.enhanced Z-DNA formation in CSF1 promoter (Figure
5). Therefore, the TG repeats in CSF1 promoter could
Transfection, FACS Sorting, DNA Microarray Analysis,be free of “normal” nucleosomal structure, because
and Luciferase Assay
nucleosomal structure inhibits Z-DNA formation in vitro The cells used in this study were maintained in DMEM supplemented
(Figure 6) and DNA in the Z-form cannot be incorporated with 10% FCS, 2 mM glutamine and 1% penicillin/streptomycin mix.
For DNA microarray analysis, SW-13 cells in a 10 cm petri dishwithin nucleosome core particles (Garner and Felsen-
transfected with EGFP (5 g) and BRG1 (10 g) expression vectorsfeld, 1987).
by Superfect (Quiagen) for 24 hr were sorted into GFP-positive and
GFP-negative cells (approximately 50% each) by FACS. mRNA ex-
Z-DNA Formation Stabilizes Open Chromatin traction, labeling, and hybridization to DNA microarrays were per-
Structure—A Model formed according to published procedures (Iyer et al., 1999). The
Based on the results discussed above, we propose that luciferase assay was done with the Promega Dual Luciferase system
according to the product instructions.activation of CSF1 promoter requires the activity of NFI,
BAF complex, and the transition in chromatin structure
RT-PCRfrom B-DNA to Z-DNA (Figure 7). NFI binding to CSF1
Total RNA was isolated from SW-13 cells transfected with BRG1promoter potentiates the promoter for activation by the
or pBJ5 vector for 6 hr or 12 hr using the TRIZOL reagent (LifeBAF complex. Chromatin remodeling of CSF1 promoter
Technologies) and 2 g of total RNA was used for reverse transcrip-
by the BAF complex leads to partial and/or transient tion with an M-MLV reverse transcripase kit from Life technologies.
alteration of the chromatin structure, which transiently The total RNA used for reverse transcription for the 24 hr time
point was isolated from GFP-negative and -positive SW-13 cellsreleases the negative supercoiling absorbed in the
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cotransfected with BRG1 and EGFP and sorted by FACS. The PCR sodium deoxycholate, and 140 mM NaCl (RIPA buffer). Immunopre-
cipitation reactions containing 500 l of the chromatin, 20 l ofconditions are as follows: 94C, 30 s; 55C, 30 s; 72C, 30 s; repeat
20 for the actin primers and 25 for the rest of the primers. RT- protein A Sepharose beads, and 2 l of specific antibody were
incubated with rotation overnight at 4C. The immunoprecipitatesPCR primers and other primer sequences used in this study are
available upon request. were washed sequentially four times with RIPA buffer containing
0.3 M NaCl, once with RIPA buffer containing no NaCl, and once
with 1 TE. Following reverse-crosslinking at 65C for 6 hr, DNAELISA
was purified by proteinase K digestion, phenol-chloroform extrac-Equal numbers of SW-13 and MG63 cells were plated in DMEM in
tion and ethanol precipitation. DNA was resuspended in 20 l of 124-well plate at 2  105 cells/ml and incubated at 37C for 24 hr.
TE and 4 l was used for PCR analysis.To determine CSF1 production, 100 l of the culture medium was
incubated for 12 hr at 4C in a 96-well plate coated with 200 ng of
goat anti-human CSF1 antibody (Sigma), followed by five washes Acknowledgments
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